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WKH GLIIHUHQW WLPH GXULQJ D GD\ - $UFH REWDLQHG WKH HIIHFW RI RXWVLGH WHPSHUDWXUH RQ WKH FKLPQH\
SHUIRUPDQFH >@ :LWK WKH FRQGLWLRQ RI GLIIHUHQW KHDW UDGLDWLRQ LQWHQVLW\ DQG GLIIHUHQW VORSH DQJOH
='&KHQ>@ HW DO VWXGLHG WKH FKDQJH RI DLU WHPSHUDWXUH DQG DLU YHORFLW\ LQ WKH JDS 6$0%XUHN
$+DEHE>@KDVFDUULHGRQDQH[SHULPHQWDOVWXG\DERXWWKHWKHUPDOHIILFLHQF\RIWKHVRODUFKLPQH\<DQJ
=KDR>@HWDOXVHG&)'WHFKQRORJ\WRVWXG\WKHDQDO\VLVRIWKHUPDOSURFHVVRIWKHLPSURYHG7URPEHZDOO
=RXKDLU $LW +DPPRX>@ HW DO VWXGLHG $ K\EULG WKHUPDO HQHUJ\ VWRUDJH V\VWHP ZKLFK FDQ VWRUH VRODU
HQHUJ\DQGHOHFWULFDOHQHUJ\DWWKHVDPHWLPH
+RZHYHU QRQH RI WKRVH VWXGLHV DERYH FRQVLGHUHG WKH FKLPQH\HIIHFWV DWWDFKHG ZLWK YDULRXV
WKLFNQHVVHV RI 3&0 PDWHULDOV 7KLV H[SHULPHQW UHVHDUFK PDLQO\ IRFXVHG RQ ZKHWKHU WKH YDULRXV
WKLFNQHVVHVKDYHDQHIIHFWRQWKHXQVWHDG\FKDQJHSURFHVVRIFKLPQH\HIIHFWRIVRODUK\EULGGRXEOHZDOO
ZLWK 3&0 $QG LW DOVR DQDO\]HG WKH LPSDFW RI WKH YDULRXV WKLFNQHVVHV RQ ERWK VLGH RI WKH 3&0
WHPSHUDWXUHILHOGVDVZHOODVWKHFKLPQH\LQWHUQDOVSDFH¶VWHPSHUDWXUHILHOGYHORFLW\ILHOGPDVVDLUIORZ
DQGKHDWJDLQ7KHUHIRUH WKHTXDOLWDWLYHDQGTXDQWLWDWLYHUHODWLRQVKLSEHWZHHQ WKH WZR LQIOXHQFH IDFWRUV
DQG WKH YHQWLODWLRQ HIIHFW DUH HVWDEOLVKHGZKLFK SURYLGHG WKH QHFHVVDU\ EDVLV RQ LPSURYLQJ WKH LQGRRU
QDWXUDOYHQWLODWLRQHIIHFWDQGUHGXFLQJWKHEXLOGLQJHQHUJ\FRQVXPSWLRQ
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UHJXODWRUWKUHH JURXSV RI H[SHULPHQW DUH FRQGXFWHGUHVSHFWLYHO\ LQ WXUQ ZLWK PP  PP PP
1D&2ā+2 3&0 WR PHDVXUH WKH GLVWULEXWLRQ RI YHQWLODWLRQ UDWH LQWHUQDO WHPSHUDWXUH ILHOG DQG
YHORFLW\ILHOGRIVRODUFKLPQH\XQGHUYDULRXVWKLFNQHVVHV
)LJ([SHULPHQWDOVHWXS
PP3RO\XUHWKDQHLQVXODWLRQ 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0HDVXUHSRLQWVRIWKHZLQGVSHHG 
0HDVXUHSRLQWVRIWKHWHPSHUDWXUH $LUSDVVDJH
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0HDVXUHPHQWRIWKHWHPSHUDWXUHILHOG
7KLVH[SHULPHQWVHOHFWHGWKHVSDWLDOUHJLRQZLWKDGLVWDQFHRIPPDZD\IURPWKHFKLPQH\¶VLQOHW
DQGRXWOHWWREHPHDVXUHGFRQVLVWHGRIWKHERWKVHFWLRQRI3&0DQGWKHFKLPQH\ZDOOVDVWKHWHPSHUDWXUH
PHDVXULQJREMHFWV'LVWULEXWLRQRI WKH WHPSHUDWXUHPHDVXULQJSRLQWVRI LQWHUQDOFKLPQH\ LQFOXGLQJ WKH
JODVVDQGWKHLQQHUVXUIDFHRIWKHZDOODQGWKHERWKVLGHVRIWKH3&0LVVKRZQEHORZLQILJXUH$OORI
PHDVXULQJSRLQWVDUHDUUDQJHGWKHFRSSHUFRQVWDQWDQWKHUPRFRXSOHLQDPHDVXUHPHQWDFFXUDF\DW 
)LUVW RI DOO LW LV QHFHVVDU\ WR FXW JURRYHV LQ WKH LQQHUZDOO VXUIDFH DQG WKHQEXULHG WKHUPRFRXSOH LQWR
WKRVHJURRYHV+RZHYHUWKHWKHUPRFRXSOHFDQEHGLUHFWO\SDVWHGRQWKHLQQHUVXUIDFHRIWKHJODVVDQGWKH
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PV
DQGPV LVXVHG LQ WKLV H[SHULPHQW7KHH[SHULPHQW WDNHV WKH WZRVHFWLRQPPDZD\ IURP WKH
LQOHW DQG RXWOHW RI WKH FKLPQH\ PRGHO DQG WKH FHQWHU RI WKH KRUL]RQWDO VHFWLRQ RI ZKLFK PRGHOV DUH
SHUSHQGLFXODUWRKHLJKWGLUHFWLRQDVWKHPHDVXULQJVXUIDFH(DFKPHDVXULQJSODQHLVDUUDQJHGSRLQWVD
WRWDORISRLQWVDVVKRZQLQILJXUH'XULQJWKHH[SHULPHQWHDFKSUREHLVYHUWLFDOO\SXWIURPWKHH[LW
DQGIL[HGE\FKLPQH\DUFKLWHFWXUHDQGWHPSHUDWXUHPHDVXUHPHQWIUDPHLQRUGHUWRDOORZWKHDLUWRIORZ
YHUWLFDOO\DQGHQVXUHWKDWWKHLQVWUXPHQWSUREHLVLQDVWDWHRIVWDEOHPHDVXUHPHQW
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7KUHHGLDJUDPV LQ)LJ LQGLFDWH WHPSHUDWXUHYDULDWLRQRYHU WLPHRI3&0DLU LQ WKHJDSDQGJODVV
VXUIDFHIRUGLIIHUHQWWKLFNQHVVFRQGLWLRQ$VVKRZQLQ)LJDWHPSHUDWXUHIRUDOOWKLFNQHVVHVRI3&0
LQLWLDOO\EHJDQWRULVHJUDGXDOO\IURPDPELHQWWHPSHUDWXUH%HIRUHDVKDUSLQFUHDVHRIWHPSHUDWXUHWKHUH
LV D FRQVWDQW GXUDWLRQ IRU SKDVH WUDQVLWLRQ VWDJH:KHQ WKH KHDW VWRUDJHPDWHULDOVPHOW FRPSOHWHO\ WKH
WHPSHUDWXUHFRQWLQXHVWRULVHXQWLOWKHPD[LPXPYDOXHDWDERXWKRXU¶VSRLQW$WWKHSRLQWRIKRXU
WKHKHDWLQJOLJKWHTXLSPHQWDUHWXUQHGRIIWKHQWKHWHPSHUDWXUHRIWKHHQWLUHWKLFNQHVVPDWHULDOVGURSWRD
FHUWDLQWHPSHUDWXUHDWWKHVDPHGURSUDWHDQGWKHQDVORZGRZQGURSSLQJIROORZV)LJDDOVRVKRZV
WKDWWKHFXUYHIRUPP3&0UHDFKHVDWDKLJKHUSKDVHWUDQVLWLRQWHPSHUDWXUHDQGWKHGXUDWLRQRISKDVH
FKDQJHODVWVORQJHU7KLVLVPDLQO\EHFDXVHPRUHDFFXPXODWLRQRIKHDWLVVWRUHGIRUWKLFNHUVWRUDJHOD\HU
DQGORQJHUWLPHLVQHHGHGWRPHOW,WFRVWDERXWQLQHKRXUVWRPHOWFRPSOHWHO\EHIRUHWKHWHPSHUDWXUHVWDUW
WR ULVH UDSLGO\:KLOHPPDQGPP3&0KDGEHHQFRPSOHWHO\PHOW LQDURXQGKRXUVEHIRUH WKH
WHPSHUDWXUHULVHVTXLFNO\)RUORQJHUWLPHWREHKHDWHGWKH\UHDFKDKLJKHUWHPSHUDWXUHLQKRXUVWKDQ
WKDWRIPP3&0$IWHUWKHOLJKWVWXUQHGRII WKHWHPSHUDWXUHVRIPPDQGPP3&0JHWPRUH
)LJD7KHYDULDWLRQRIWHPSHUDWXUHZLWKWLPHRI
WKHKHDWVWRUDJHOD\HUIRUWKHGLIIHUHQWWKLFNQHVV
)LJE7KHYDULDWLRQRIWHPSHUDWXUHZLWK
WLPHRIFKDQQHODLUIRUWKHGLIIHUHQWWKLFNQHVV
)LJF7KHYDULDWLRQRIWHPSHUDWXUHZLWKWLPH
RIVXUIDFHRIJODVVIRUWKHGLIIHUHQWWKLFNQHVV
)LJ7KHYDULDWLRQRIWKHDYHUDJHDLUYHORFLW\
LQWKHJDSIRUWKHGLIIHUHQWWKLFNQHVV
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FORVHWRWKHDPELHQWWHPSHUDWXUHDQGORZHUWKDQWKDWRIPP3&0EHFDXVHWKHLUDFFXPXODWLRQTXDQWLW\
RIKHDWLVOHVVWKDQWKDWRIFP0DNLQJDFRPSDULVRQRIIDUODWHUDOZDOO3&0DQGQHDUZDOO3&0RIHDFK
JURXSLWFRXOGEHFRQFOXGHGWKDWWKHQHDUZDOO3&0WHPSHUDWXUHLVKLJKHUWKDQWKDWRIIDUVLGHRIWKHZDOO
ZKLFK LV EHFDXVH WKH 3&0QHDU WKHZDOO LVPRUH FORVH WR WKHZDOO VLGH WKHUHIRUH LWZRXOG EH GLUHFWO\
DIIHFWHGE\VRODUUDGLDWLRQ
)LJEDQG)LJF VKRZ WKDW WKH WHPSHUDWXUHRI WKHJODVVVXUIDFH LV DOPRVWQRWDIIHFWHGE\KHDW
VWRUDJH OD\HU WKLFNQHVVEXWDIIHFWHGE\VRODU UDGLDWLRQ7HPSHUDWXUHRI WKHDLUFKDQQHO LVKLJKHVWDW WKH
WKLFNQHVVRIPP3&0
$QDO\VLVRIWKHYHORFLW\ILHOG
,QILJXUH WKHDYHUDJHDLUYHORFLW\RIWKHJDSLQFUHDVHVTXLFNO\WRUHDFKDYDOXHDW WKHEHJLQQLQJRI
KHDWLQJDQGWKHQWHQGVWREHVWDEOH:KDW¶VPRUHZKHQWKHOLJKWVZHUHWXUQHGRIIWKHDLUYHORFLWLHVZLWK
YDULRXVWKLFNQHVVHVDOOGHFUHDVHUDSLGO\WRUHDFKDYDOXHDQGWKHQWHQGWREHVWDEOH2EYLRXVO\ZKHQWKH
OLJKWVZHUH WXUQHGRQ WKHDLUYHORFLWLHVZLWKYDULRXVWKLFNQHVVHVDUHGLIIHUHQWEXWDIWHU WKHOLJKWVZHUH
WXUQHGRIIWKH\DUHDOPRVWWKHVDPH,WVKRZVWKDWWKHWKLFNQHVVRI3&0RQO\DIIHFWVWKHDLUYHORFLW\ZLWK
VRODU UDGLDWLRQ RWKHUZLVH LWZLOO KDYH OLWWOH LPSDFW RQ WKH DLU YHORFLW\ ,W DOVR FDQ EH OHDUQHG IURP WKH
ILJXUHWKDWWKHYDOXHRIDLUYHORFLW\ZLWKPP3&0LVWKHODUJHVWIROORZHGE\PP3&0DQGWKHQWKH
PP3&0WKHUHDVRQLVWKDWWKHWHPSHUDWXUHEHWZHHQLPSRUWDQGH[SRUWGXHWRWKHYDULRXVWKLFNQHVVHV
OHDGVWRWKHGLIIHUHQWWKHUPDOSUHVVXUHDQGWKHQPDNHVWKHGLIIHUHQFHRIDLUYHORFLW\&RPELQHGZLWKWKH
DQDO\VLV RI ILJXUH  LW FDQ EH NQRZQ WKDW WKH WHPSHUDWXUH RI WKH JODVV GURSV UDSLGO\ WR WKH DPELHQW
WHPSHUDWXUHDIWHUWKHWXUQLQJRIIRIWKHOLJKWVEXWWKHWHPSHUDWXUHVRI3&0DQGZDOODUHVWLOOKLJKHUWKDQ
WKHDPELHQWWHPSHUDWXUH%\WKLVWLPHWKHDLUYHORFLW\VWLOOKDVDFHUWDLQYDOXHZKLFKVKRZVWKHKHDWRI
ZDOOKDVDPRUHHIIHFWWKDQWKDWRIJODVVRQWKHDLUYHORFLW\
$QDO\VLVRIWKHQDWXUDOYHQWLODWLRQDQGWKHKHDWJDLQHGE\WKHDLU
     






DLU
P
DVV
IOR
Z
N
JV

7LPHK
FP
FP
FP

     








WKH
KH
DW
JD
LQH
GE
\W
KH
DL
U
-
7LPHK
FP
FP
FP



,QILJXUHWKHFKDQJHRIDLUPDVVIORZLVYHU\VLPLODUZLWKDYHUDJHDLUYHORFLW\LQWKHJDSRYHUWLPH
XQGHUWKHYDULRXVWKLFNQHVVHVZKLFKERWKULVHWRDYDOXHLQDYHU\VKRUWWLPHDQGNHHSFRQVWDQWO\$IWHU
WKHFORVHRIWKHOLJKWVLWZLOOUDSLGO\GURSWRDFHUWDLQYDOXHDQGUHPDLQFRQVWDQWO\7KHYDOXHRIDLUPDVV
IORZZLWKPP3&0LVVWLOOWKHODUJHVWZKLFKKDVDSRVLWLYHUHODWLRQVKLSZLWKDLUYHORFLW\
,QILJXUHWKHFKDQJHRIWKHKHDWJDLQHGE\WKHDLULVYHU\VLPLODUZLWKDLUPDVVIORZRYHUWLPHXQGHU
WKHYDULRXVWKLFNQHVVHVZKLFKERWKULVHWRDYDOXHLQDYHU\VKRUWWLPHDQGNHHSFRQVWDQWO\$IWHUWXUQLQJ
RIIWKHOLJKWVLWZLOOUDSLGO\GURSWRDFHUWDLQYDOXH%HFDXVHWKHKHDWJDLQHGE\WKHDLUHTXDOVWKHSURGXFW
)LJDLUPDVVIORZLQUHODWLRQWRWLPHDURXQG
GLIIHUHQWWKLFNQHVV
)LJWKHKHDWJDLQHGE\WKHDLULQUHODWLRQWR
WLPHDURXQGGLIIHUHQWWKLFNQHVV
526   Liu Bin et al. /  Energy Procedia  75 ( 2015 )  521 – 526 
RI DLUPDVV IORZ DLU VSHFLILF KHDW UDWLR DQG WKH WHPSHUDWXUH EHWZHHQ LPSRUW DQG H[SRUW WKHUHIRUH WKH
YDOXHRIWKHKHDWJDLQHGE\WKHDLUZLWKPP3&0LVKLJKHUWKDQWZRFDVHV
&RQFOXVLRQ
7KURXJK WKH H[SHULPHQW RQ WKH VRODU K\EULG ZDOO ZLWK WKH 3&0 XQGHU WKH YDULRXV WKLFNQHVVHV
GLVFXVVLQJDQGDQDO\]LQJDERXWWKHLPSDFWVRIWKHKHDWVWRUDJHHIIHFW WKHWKLFNQHVVDQGWKHWLPHRQWKH
WHPSHUDWXUHYHORFLW\DQGFKLPQH\HIIHFWWKHIROORZLQJFRQFOXVLRQVZDVFDSWXUHG
 7HPSHUDWXUH IRU DOO KHDW VWRUDJH OD\HU WKLFNQHVV LQLWLDOO\ EHJDQ WR ULVH JUDGXDOO\ IURP DPELHQW
WHPSHUDWXUH%HIRUHDVKDUSLQFUHDVHRIWHPSHUDWXUHWKHUHLVDFRQVWDQWGXUDWLRQIRUSKDVHWUDQVLWLRQVWDJH
:KHQ WKHKHDW VWRUDJHPDWHULDOVPHOW FRPSOHWHO\ WKH WHPSHUDWXUHFRQWLQXHV WR ULVH XQWLO WKHPD[LPXP
YDOXHDWDERXWKRXU¶VSRLQW$WWKHSRLQWRIKRXUWKHKHDWLQJOLJKWHTXLSPHQWVDUHWXUQHGRIIWKHQ
WKHWHPSHUDWXUHRIWKHHQWLUHWKLFNQHVVPDWHULDOVGURSWRDFHUWDLQWHPSHUDWXUHDWWKHVDPHGURSUDWHDQG
WKHQDVORZGRZQGURSSLQJIROORZV
7KH FXUYH IRU PP3&0 UHDFKHV DW D KLJKHU SKDVH WUDQVLWLRQ WHPSHUDWXUH DQG WKH GXUDWLRQ RI
SKDVH FKDQJH ODVWV ORQJHU:KLOH PPDQGPP3&0KDGEHHQ FRPSOHWHO\PHOW LQ DURXQGKRXUV
EHIRUHWKHWHPSHUDWXUHULVHVTXLFNO\)RUORQJHUWLPHWREHKHDWHGWKHWHPSHUDWXUHRIPPDQGPP
3&0UHDFKDKLJKHUWHPSHUDWXUHLQKRXUVWKDQWKDWRIPP3&0$IWHUWKHOLJKWVZHUHWXUQHGRII
WKHWHPSHUDWXUHVRIPPDQGPP3&0JHWPRUHFORVHWRWKHDPELHQWWHPSHUDWXUHORZHUWKDQWKDWRI
PP3&0IRUWKHLUDFFXPXODWLRQTXDQWLW\RIKHDWLVOHVVWKDQWKDWRIPP
7KHDYHUDJHDLUYHORFLW\LQWKHJDSLQFUHDVHVTXLFNO\WRUHDFKDYDOXHDWWKHEHJLQQLQJRIKHDWLQJDQG
WKHQ WHQGV WR EH VWDEOH:KDW¶V PRUH ZKHQ WKH OLJKWV ZHUH WXUQHG RII WKH DLU YHORFLWLHV ZLWK YDULRXV
WKLFNQHVVHVDOOGHFUHDVHUDSLGO\ WR UHDFKDYDOXHDQG WKHQNHHSFRQVWDQWO\7KH WKLFNHU LV WKH3&0 WKH
KLJKHUWKHSHDNDYHUDJHDLUYHORFLW\LQWKHJDSLV
7KHFKDQJHVRIDLUPDVVIORZDQGWKHKHDWJDLQHGE\WKHDLUDUHYHU\VLPLODUZLWKDYHUDJHDLUYHORFLW\
RIWKHJDSRYHUWLPHXQGHUWKHYDULRXVWKLFNQHVVHV7KHYDOXHZLWKPP3&0LVVWLOOWKHODUJHVWZKLFK
KDVDSRVLWLYHUHODWLRQVKLSZLWKDLUVSHHG
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